Abstract: Nanocrystals (NCs) offer great opportunities for developing novel lightemitting devices possessing superior properties such as high quality indoor lighting, efficient outdoor lighting, and display backlighting with increased color definition. The narrow-band emission spectra of these materials also offer opportunities to protect the human daily biological rhythm against the adverse effects of display backlighting. For this purpose, here we address this problem using color converting NCs and analyzed the effect of the NC integrated color converting light-emitting diode (NC LED) backlight spectra on the human circadian rhythm. We employed the three existing models including the circadian light, the melanopic sensitivity function, and the circadian effect factor by simultaneously satisfying the National Television Standards Committee (NTSC) requirements. The results show that NC LED backlighting exhibits (i) 33% less disruption on the circadian cycle if the same color gamut of the commercially available YAG:Ce LED is targeted and (ii) 34% wider color gamut while causing 4.1% weaker disruption on the circadian rhythm compared to YAG:Ce LED backlight if the NTSC color gamut is fully reproduced. Furthermore, we found out that blue and green emission peaks have to be located at 465 with 30 nm bandwidth and at 535 nm with 20 nm bandwidth, respectively, for a circadian rhythm friendly design while the red component offers flexibility around the peak emission wavelength at 636 nm as opposed to the requirements of quality indoor lighting. These design *Corresponding author: Hilmi Volkan Demir, Department of Electrical and Electronics Engineering, Department of Physics, and UNAM-Institute of Materials Science and Nanotechnology, Bilkent University, Ankara 06800, Turkey; and School of Electrical and Electronic Engineering, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 639798, Singapore, e-mail: volkan@bilkent.edu.tr Talha Erdem: Department of Electrical and Electronics Engineering, Department of Physics, and UNAM-Institute of Materials Science and Nanotechnology, Bilkent University, Ankara 06800, Turkey 1458 T. Erdem and H.V. Demir considerations introduced as a new design perspective for the displays of future will help avoiding the disruption of the human circadian rhythm.
Since the current LED backlighting technology is far from circadian rhythm friendliness [19] [20] [21] [22] , adding the feature of circadian compatibility to the backlight spectrum in a systematic manner is an important but hitherto disregarded design problem. Current software-based solutions such as F.lux [23] and Redshift [24] try to solve this problem by adjusting the correlated color temperature of the backlight according to that of the sun depending on the location and time of the day. However, this method undesirably changes the colors produced by the display and its performance may change from display to display. Therefore, a systematic approach starting from the design of the display backlighting is necessary to address the circadian rhythm friendliness problem without these issues. In this work, we aim to approach this problem by taking into account the dependence of our circadian rhythm to the spectrum of the light sources.
Our study relies on the discovery of a third photoreceptor in the human retina called the intrinsically photosensitive retinal ganglion cell (ipRGC) [25] . Different than their sister photoreceptors cones and rods, the main function of ipRGCs helps the suprachiasmatic nuclei to control the circadian cycle through melatonin secretion although rods and cones provide input to ipRGCs in the absence of melanopsin, though reduced [26, 27] . While the secretion of the melatonin occurs under dark ambiance through its interaction with suprachiasmatic nuclei to send the "night" signal to the body, it ceases upon the exposure of ipRGC to light at a sufficient level and duration. Hence, prolonged exposure to display backlights [28] , whose spectra match the sensitivity curve of the ipRGCs, may severely affect the melatonin secretion during the night. Consequently, the circadian cycle is affected in a delaying or advancing manner [5] . In 2011, Figueiro et al. [20] reported that the cathode ray tube computer screens cause a slightly suppressed melatonin secretion after 2 h of exposure in the night. Moreover, inclusion of the blue LED light of 40 lux was found to significantly decrease the melatonin concentration. Another study of the same group further reported that the use of tablets for 2 h before the sleep decreased the melatonin concentration in the saliva by 23% [21] . Furthermore, an additional blue light impinging on the eye was shown to suppress the melatonin concentration by 66%. In an independent study, Cajochen et al. [22] compared the effects of the LED and fluorescent backlighting on the circadian cycle. They found that the LED backlighting hinders and delays the melatonin secretion compared to a fluorescent lamp backlit display after 5 h of exposure in the night.
In the light of these findings and based on the models of Rea et al. [28] , Enezi et al. [29] , and Gall et al. [30] , here we introduce the perspective of daily biorhythm friendliness to our colloidal nanocrystal quantum dot integrated LED (QD-LED) designs. The device we propose makes use of green and red QDs accompanied with a blue LED chip. Our findings elucidate a 33% weaker effect of the designed QD-LEDs on the circadian rhythm when the color span provided by the QD-LED is the same as that of the YAG:Ce LED. Furthermore, if the quantum dots are selected correctly to realize the color coverage of National Television Standards Committee (NTSC), the designed QD-LED backlight exhibits a 34% wider color gamut together with a 4.1% reduced effect on the circadian rhythm compared to YAG:Ce LED backlight. These findings show that QD-LEDs are excellent candidates for realizing these circadian rhythm friendly backlights thanks to the spectral tunability and purity of these nanocrystal quantum dots.
Computational methodology
Our calculations constituted of two major steps. The first one is the determination of the QDs, utilizing which NTSC standards can be satisfied ( Figure 1 ) by considering the color filters used in LCDs. In our calculations, we modeled the emission of QDs and the pump blue LED using Gaussian functions and generated the spectrum of a three-color mixing backlight. The peak emission wavelength of the blue (short wavelength) component was varied between 400 and 495 nm with a 5 nm step. Similarly, the emission wavelengths of the green (middle wavelength) and red (long wavelength) components were varied between 500 and 595 nm (for the green) and 600-700 nm (for the red), again with 5 nm step sizes. Moreover, the bandwidth of the emission spectra was varied between 20 and 50 nm with 5 nm steps. It was found out that even a bandwidth of 20 nm of the red QDs cannot satisfy the NTSC condition for red, which is also the case for red LED chips. Therefore, we varied the red point condition by equating the chromaticity point of a regular red LED used for LCD backlighting. Also considering the effect of color filters, the red chromaticity point condition was moved to (0.6918, 0.3047). The resulting color gamut is represented in Figure 1 as continuous black lines while the chromaticity points of the allowed color components were shown as the white region on the same figure. The allowed color region indicates the blue, green and red chromaticity points that ensure the coverage of the targeted color gamut.
After the identification of the color components, which can be realized using QDs and satisfy the targeted color gamut conditions after passing the color filters, we design the white QD-LEDs suitable for a display using the requirements listed in Lumileds Application Note [31] . Accordingly, we set the correlated color temperature (CCT) of the backlight to 9000 K and the luminance to 180 cd/m 2 by finding the required amplitudes of each color components using a supervised learning algorithm. Considering a typical viewing angle of 2.6 sr stated in Lumileds Application Note [31] , the corresponding illuminance becomes 468 lm/m 2 . Finally, a YAG:Ce phosphor integrated LED possessing the same illuminance at the same CCT was used to compare with the QD-LED backlit displays.
As the second step of the study, we calculated the effectiveness of the light sources in suppressing melatonin and compared with a YAG:Ce phosphor integrated LED. The circadian performances of the displays were evaluated using all the three different existing models in the literature. The first approach known as the circadian light (CL) method was developed by Rea et al. [28] . In this model, it is aimed to reveal the effect of light on the circadian rhythm by considering the contributions of the visual photoreceptors in addition to the ipRGC. However, opponents of this method argue that the effect of visual photoreceptors could be reduced by central processing [29] considering that some neurons in the brain robustly react to melanopsin activity but not to that of cones [32] . The method developed by Gall employs this idea and evaluates the effects of lighting on the human circadian response by using a circadian effect function 'circadiane Wirkungsfunktion' in German [30] , which was empirically defined using the melatonin suppression measurements of Brainard et al. [33] and Thapan et al. [34] . Later, in 2011 Enezi et al. [29] conducted experiments on mice and defined the melanopic spectral efficiency function. These three models were later comparatively studied by Rea et al. [35] and it was concluded that there is no experimental finding to reject one model in favor of another. Thus, we made use all of these circadian rhythm models in this particular study.
However, all of these models present their outputs in numbers of different scales. Thus, bringing these results to the same scale is strictly necessary to make a healthy comparison. For this reason, we performed a scaling operation to each model similar to the one conducted in Rea et al. [35] . We divided the resulting numbers of the test spectrum to the circadian response of standard illuminant A (IllA) at 468 lm/m 2 for each of the models, i.e. the circadian light (CL) developed by Rea et al. [28] the circadian effect factor developed by Gall et al. [30] , and the melanopic sensitivity developed by Enezi et al. [29] . Since all these models need to be treated equally, we employed a multi-objective optimization by defining a utopia point indicating no melatonin suppression. The normalized values of circadian light (CL), circadian effect factor (CEF), and melanopic sensitivity function (Mel) constituted the dimensions of the circadian response. Finally, the performance of each QD-LED spectrum was evaluated by calculating the Euclidean distance from the utopia point, which designates the performance of a hypothetical light source causing no disruption on the circadian rhythm for all of these three models. Spectra taking the closest position to the utopia point were considered as the most circadian rhythm friendly QD-LED designs. The equation used in the calculations of circadian distance (f circadian ) is shown in Equation 1 and its calculation methodology is illustrated in Figure 2a . At this point, it is important mentioning that CL model accounts for an exposure duration of 1 h, while the remaining two models do not put any restriction on the exposure duration. Therefore, our quantitative results should be evaluated considering this 1 h duration; however, our spectral designs should qualitatively possess circadian rhythm friendliness for longer exposure durations as well.
Results and discussion
The first point that deserves attention in our analyses is the spectral requirement results regarding the satisfaction of the targeted color gamut (Table 1) . These calculations revealed that the blue color (short wavelength) component is allowed to acquire only 465 and 470 nm as the peak emission wavelength among the simulated range of 400-495 nm (with the 5 nm step size). When 465 nm is chosen, the minimum and maximum allowed full-width at half-maximum values (Δλ) are 30 and 50 nm, respectively. On the other hand, the selection of 470 nm as the blue emission peak requires the use of more saturated colors having Δλ ≤ 30 nm. When the green color components (middle wavelength) are considered, the allowed peak emission wavelengths turn out to be in the range of 525-535 nm within the Tab. 1: Summary of the spectral parameters for satisfying the color gamut defined in Fig. 1 λ and Δλ stand for the peak emission wavelength and full-width at half-maximum, respectively.
investigated interval of 500-595 nm. As opposed to the case of blue, the green color component requires high color purity having a Δλ of 20 nm, which is the narrowest Δλ used in our computation. When the peak emission wavelength is chosen to be 525 nm, the largest allowed bandwidth turns out to be 30 nm. This value increases to 45 and 40 nm in the case that 530 and 535 nm are selected, respectively. For the red color component (long wavelength), the allowed peak emission wavelengths span a wider range between 625 and 650 nm within the calculation range of 600-700 nm. It was found out that high purity red color is allowed between 625 and 635 nm indicated by a minimum Δλ of 20 nm. However, further increase of the peak emission wavelength towards 650 nm enforces the emission to acquire a larger minimum Δλ of 30, 40 and 45 nm for the peak emission wavelengths of 640, 645 and 650 nm, respectively. The allowed maximum Δλ values also vary as the peak emission wavelengths change. If the peak wavelength of the red emission is 625 nm, then the maximum allowed bandwidth becomes 25 nm. As the peak emission wavelength increases to 630 nm, the maximum Δλ increases to 40 nm. Finally, a further increase of the peak wavelength was found out to shift the allowed Δλ further to 50 nm. The circadian performance of the spectra presented in Table 1 was calculated as described in Section 2. The minimal circadian effect (f circadian ) was realized when the peak emission wavelengths of blue, green and red color components are 465 nm, 535 nm and 635 nm, respectively. The full-width at half-maximum values turned out to be 30, 20 and 50 nm for the same color components. The spectrum corresponding to this QD-LED (QD-LED 1 ) can be found in Figure 2 . The same calculations were carried out for the YAG:Ce phosphor integrated white LED. The results show that the QD-LED 1 exhibited a circadian performance value (f circadian ) of down to 4.32 values while that of the YAG:Ce integrated LED was 4.50 ( Figure 3) while the color gamut of the QD-LED 1 covers 107.5% of the area that NTSC requires. On the other hand, the area that can be covered by the YAG:Ce LED remains only at 80.4% of the area required by NTSC. When the color gamut of the YAG:Ce LED is targeted during the QD-LED design, the resulting QD-LED (QD-LED 2 ) reduces f circadian by 33% to 3.03, whose spectra are given in Figure 2 . This QD-LED constitutes of blue, green and red components emitting at 455, 545 and 620 nm, respectively, with respective full-width at half-maximum values of 25, 20 and 50 nm.
The overlap area with NTSC color span is also presented in Figure 3 . This overlap is a very crucial quantity because it indicates the ability to define the colors in accordance with the NTSC specifications. The results show that the color-gamut of the QD-LED 1 overlaps almost perfectly as indicated by the reproduction of 99.2% of the NTSC color gamut while YAG:Ce integrated LED only overlaps with 87.3% of the NTSC standards.
As Figure 3 suggests, the QD-LEDs possess the potential to cause less disruptions on the circadian rhythm compared to the YAG:Ce LED; however, if not correctly designed, QD-LEDs can also adversely affect the circadian rhythm. Therefore, it is of significant importance to know which spectral parameters (the peak emission wavelength and the full-width at half-maximum) are necessary for realizing circadian rhythm friendly displays. To reveal this information, we sorted the spectra given in Table 1 according to their f circadian values. In Figure 4 , we illustrate the average and standard deviations of the spectral parameters having the lowest 1%, 10%, 20%, 50% and 100% values of f circadian . Here, 0 nm standard deviation of the blue wavelength for the spectra possessing the lowest 1%, 10% and 20% values of f circadian indicates that the selection of the blue peak emission wavelength at 465 nm is very critical for the best circadian performance. Similarly, 535 nm turned out to be the critical wavelength for the green component as its standard deviation remains at 0 nm for the spectra possessing the lowest 1% and 10% of f circadian . On the other hand, the red component offers improved flexibility in the design of QD-LED backlight with a standard deviation of ca. 6.9 nm around the average wavelength of 636 nm. The investigation of the full-width at half-maximum values provides additional valuable information. It turns out that the bandwidth of the blue emission is strictly required to be 30 nm while that of the green component is also equally critical to be as narrow as possible acquiring a fullwidth at half-maximum of 20 nm as their corresponding low standard deviations of 0 nm and 1.4 nm show for the spectra having the lowest 1% f circadian . The investigation of the red component, on the other hand, draws a different picture. The average of the bandwidth for the red components of circadian friendly spectra becomes around 36 nm with a large standard deviation of ~10 nm. This information brings us to the conclusion that the selection of red component provides significant flexibility for the design of the circadian rhythm friendly backlight using QDs compared to the blue and green color components.
Conclusions
In conclusion, in this study we investigated the potential of quantum dot integrated LED backlit displays considering their effect on the daily biological rhythm. The strategy that we present here is the first account of a circadian cycle friendly display backlight. By presenting the circadian rhythm friendliness perspective, we believe that the displays of the future will provide a healthier working and entertainment environment for the users. For this purpose, in this study we first calculated the required spectral properties of the emitters so that the intended NTSC color gamut can be reproduced employing quantum dots. Subsequently, we evaluated the effect of backlighting on the circadian rhythm using three existing circadian cycle models; i.e. circadian light, circadian effect factor, and melanopic sensitivity function. The results show that compared to widely preferred YAG:Ce phosphor integrated LEDs, QD-LEDs can exhibit 33% weaker circadian disrupting effect when both acquire the same color gamut. When the QD-LED is required to cover the whole NTSC color gamut, then corresponding circadian performance is enhanced by 4.1% in addition to a 34% improvement in the achievable color gamut compared to that of YAG:Ce LED.
Furthermore, our results indicated that if the NTSC color gamut is targeted, a circadian rhythm friendly backlighting should acquire blue and green peak emission wavelengths at 465 and 535 nm, respectively, together with respective bandwidths of 30 and 20 nm. On the other hand, the red color component provides some flexibility to the designer as indicated by 6.9 nm and 10 nm standard deviations around the peak emission wavelength of 636 nm and full-width at halfmaximum of 36 nm, respectively, which is exactly in contrast to high color quality general lighting. On the other hand, if the color gamut of the YAG:Ce LED is targeted using a QD integrated LED, the emission wavelengths of the QDs should be at 455, 545 and 620 nm with bandwidths of 25, 20 and 50 nm for blue, green and red color components, respectively.
